A series of trials was performed with sheep and goats to compare mechanically shredded with conventionally (control) harvested alfalfa hay. Shredded hay tended to contain less CP and more cell wall constituents than the control; digestibility of NDF in vitro also was increased by shredding. Intake of DM and digestibilities of NDF and ADF were increased in sheep fed shredded hay. Digestibilities of DM and CP were similar between treatments. Total tract digestibilities determined using acid detergent lignin and Yb as internal and external markers were similar to those obtained by total collection. There was no effect of shredding on rate of passage and total mean retention time of hay in the digestive tract of sheep. Ruminal pH and VFA were not altered by shredding of hay. However, production of 4% FCM and milk protein content was increased in goats fed shredded hay. Shredded hay suspended in the rumen in situ had higher particle-associated carboxymethylcellulase activity throughout the incubation period than did control hay. The enzyme activity was maximal at 6 h and declined thereafter for both hays. The pattern of particle-associated carboxymethylcellulase activity was similar to that of NDF digestion in vitro.
INTRODUCTION
Numerous approaches have been investigated to maximize utilization of forages by ruminants. Mechanical treatments, such as ball milling or grinding of forage, increase surface area and solid structure cracks, and decrease degree of crystallinity of cellulose (23) . Mechanical treatments increase the rate of acid hydrolysis but do not significantly alter enzymatic hydrolysis of the cellulose (23) . Maceration or shredding of alfalfa forage increases the rate of drying relative to conventionally conditioned forage (26) . The shredding process also results in separation of stems into numerous fibrous pieces while severely damaging the waxy cuticle (26) . This yields both greatly increased surface area and reduced resistance to moisture loss from the stem.
Entry of microbes into plant material is primarily via damaged surfaces and natural openings such as stomata (3) . The rate of microbial attack on insoluble substrates is proportional to the surface area exposed (18) . Mechanically shredding (macerating) alfalfa stems increased both the rate and extent of NDF digestion in vitro (14) . Scanning electron microscopy (SEM) revealed that shredding caused separation of lignified and unlignified cells, damaged plant structural integrity, and increased colonization by mixed rumen microorganisms of the luminal surface of cell walls (14) .
Cellulolytic activity and DM digestibility are highly correlated in untreated and ammoniatreated straw (28) ; therefore, the relationship of particle-associated microbial enzyme activity to microbial attachment may be a promising way to evaluate the effectiveness of shredding of hay on ruminal digestibility.
There has been no previous published research on the effects of mechanically shredding alfalfa on in vivo digestibility. Hence, the objectives of this study were to determine the effects of shredding alfalfa forage on: 1) digestibility, rate of passage, weight gain, and milk production; and 2) cellulolytic activity of particle-associated rumen microbes.
MATERIALS AND METHODS

Trial 1
Duplicate 1-g (air dry basis) samples of control and shredded late bud alfalfa hay (also used in Trial 2)~ previously ground through a 1-mm screen, were weighed into 100% dacron polyester (R 102 Marvelaire White, N. Erlanger, Blumgardt and Co., Inc., 1450 Broadway, New York, NY) bags (60 mm x 100 mm, 52-/~m pores). The in situ bags were suspended for 3, 6, 12, 247 48, and 72 h in the rumen of a cannulated Jersey cow fed only alfalfa hay (25) . Immediately after removal from the rumen, bags were washed in cold water until rinsings were clear, then squeezed thoroughly by hand. After washing, 1 g of undegraded wet residue from each bag was dried at 60°C for 48 h for DM determination. Wet residue also was extracted for measurement of particle-associated carboxymethylcellulase (CMCase) activity using a procedure similar to that of Silva et al. (28) . With this method, approximately 1 g of undegraded wet residue from each bag was transferred to 50-ml centrifuge tubes, mixed with 20 ml of .01 M sodium phosphate buffer (pH 6.8) containing lysozyme (20 mg/ml) and treated with 2.5 ml CC14. Tubes were mixed thoroughly for 1 min using a vortex mixer, then incubated at 39°C for 3 h.
Activity of CMCase in extracts was measured by the method described by Groleau and Forsberg (11) . Hydrolysis of sodium carboxymethylcellulose was quantified from formation of reducing sugar using 3,5-dinitrosalicylic acid reagent (20) . Assays were started by the addition of 1 ml of the lysozyme-residue extract to prewarmed assay mixtures; which then were incubated at 39°C for 30 rain. The reaction was stopped by the addition of 3 ml of DNS reagent, and color developed by heating 5 min in a boiling water bath. After cooling in cold water, absorbance at 560 nm was read using a Pye Unicam 6-550 UV/VIS spectrometer (Pye Unicam Ltd., Cambridge, England). D-Glucose was used as standard and CMCase activity was expressed as millimoles glucose released per minute per gram DM.
In vitro NDF digestion was measured by the procedure of Goering and Van Soest (10), modified as described by Hong et al. (14) . Duplicate blank and sample (.5 g) tubes were incubated for 6, 12, 18, 24~ and 48 h. Incubations were replicated on 3 separate d. Data were analyzed as a completely randomized one-way ANOVA (30) .
Trial 2
First growth Vernal alfalfa from a single field, ranging from late bud to first flower stage, was harvested by mowing over a 7-d period, loaded by hand, and transported to a nearby processing site. Loads were split and one-half was untreated and the remainder shredded through a stationary rotary macerator designed by Shinners et al. (27) . This device shreds the plant stems between several counter rotating elements with differential peripheral velocity. Both control and shredded forages were allowed to dry on plastic to about 85% DM, then chopped using a small stationary cylindrical chopper at 2-cm theoretical length of cut and bagged in plastic.
Eight crossbred wethers, averaging 30.6 kg in weight and housed in individual metabolism crates, were assigned randomly to two treatments in a digestion study of crossover design. Each period consisted of 6 wk and the wethers were fed either control or shredded hay during each period. Late bud and early flower stage alfalfa were fed during the first and second periods, respectively. Experimental hays were offered once daily to provide 5 to 10% refusals throughout the study. Water was offered twice daily and mineral salt blocks were supplied ad libitum. Dry matter intake (DMI), corrected for refusals, was recorded once daily. Intake of other nutrients was also corrected for composition of refusals. Body weight of each animal was measured once weekly.
Digestibility was determined using both markers and total collection during the last 14 d of each period. A Yb solution, prepared by dissolving 3.6 g YbC13/L distilled water, was sprayed onto the experimental hays to give a Yb concentration of about 560 ppm. Marked hay was air-dried and then fed (100 g/d) for 14 d to each animal 30 min prior to the normal morning feeding. Marker was fed to give a final concentration in the total diet of about 40 ppm Yb (DM basis). Marked hay not consumed during this 30-rain period was removed and Yb intake corrected to the amount actually consumed. Total daily fecal output was weighed once daily during the last 5 d of each period and a 20% subsample taken. Fecal samples were stored at --20°C, then freeze-dried, ground through a 1-mm screen Wiley mill, and composited for analysis. Hay samples and orts were collected daily during the 14-d period of the digestibility trial. Portions of all hay samples and orts were dried at 60°C for 72 h, ground, composited, and stored for later analysis.
Content of DM was determined by oven drying at 105°C (1) and N was determined by the AOAC method (1) except that a copper catalyst (Kjeltabs, Tecator Inc., Herndon, VA) was used during digestion. Acid detergent fiber, NDF and acid detergent lignin (ADL) were measured by the methods of Goering and Van Soest (10) . Concentrations of Yb in hay and feces were determined after digestion with nitric acid by direct current plasma spectroscopy (Spectra Metrics, Inc., Subsidary of Beckman Instruments, Inc., 204 Andover St., Andover, MA) (6).
Four crossbred wethers weighing an average 46.6 kg were assigned randomly to two dietary treatments in a crossover (4) passage study with 2-wk periods (total 4 wk). Control and shredded alfalfa (early flower stage) from the sheep digestion trial were fed. Fecal collections were made the last 5 d of each period; digestibility was based on total collection. Measurements of DMI, sampling of feed and feces, sample analyses, and animal management procedures were as described in the digestion study. A single dose (100 g/head) of hay marked with Vb as described was offered for 30 min prior to initiation of the fecal sample collection on d 7 of each period. Marked hay not consumed during this 30 rain period was removed.
Fecal grab samples (13) were collected from the rectum at 0, 3, 6, 9, 12, 18, 24, 30, 36, 48, 60, 72, 84, 96, 120, 144 , and 168 h postdosing for determination of kinetics of digesta passage. Fecal samples were dried at 60°C for 72 h and ground through a 1-mm screen Wiley mill. Fecal Yb concentration was determined as described. Rate of passage was estimated by fitting fecal Yb concentration to a two-compartment, time-independent model (12) . FitAll (MTR where Y is marker concentration in fecal DM at time (t); A is a biologically undefined term; t is the time elapsed after marker dosing (h); TT is the time of first appearance of marker in the feces (h); kl is the turnover rate in the reticulorumen (h -1); and k2 is considered to be the turnover rate of marker in the cecum and colon (h -I ).
Ruminal fluid was taken by stomach tube 3 h after feeding on the last day of collection in each period. The pH was measured by glass electrode immediately after sample collection. Ruminal fluid was preserved by adding 1 ml 50% vol/vol sulfuric acid per 50 ml of ruminal fluid (8) and stored at -20°C until analyzed for VFA. The VFA were determined by gas chromatography with 2-ethyl-n-butyrate as internal standard using the SP-1200 column of Ottenstein and Bartley (21), which does not resolve 2-methyl and 3-methyl butyrate.
Means were analyzed using a crossover design (4), replicated eight times in the digestion study and four times in the passage study.
Trial 3
Ten Saanen goats in ~arly lactation, averaging 68.9 kg in weight, 3.5 kg milk/d, and lactation number 2.9, were assigned to two dietary treatments on the basis of milk production in a crossover experiment with 16-d periods (4) . Seven days prior to initiation of the study, goats were moved to tie stalls with partitioned mangers which allowed measurements of individual feed intake. The first 7 d were used for ration adaptation and d 8 to 16 were used for data collection. The same control and shredded alfalfa hay fed during the second period of Trial 2 (early flower stage) was used in this trial. Total diets consisted of 40% concentrate (Table 1) and 60% control or shredded hay, on DM basis. Both concentrate and hay were offered separately twice daily. Amounts of feed offered were adjusted to 110% of total daily intake. Concentrate was sampled every 3 d and hay once daily; samples were dried, ground, and composited for later analysis. Milk production was measured daily, and milk was sampled at both milkings during the last 4 d of each period. Proportional composites were prepared and analyzed for fat by infrared analysis (Wisconsin DHI, 5301 Tokay Blvd., Madison, Wl) and protein by Kjeldahl N × 6.38 (1). Goats were weighed on 3 consecutive d at the start and the end of each period.
Analyses of composite samples for N, NDF, ADF, and ADL were as in Trial 2. Samples of concentrates and hay were analyzed for DM (60°C, 48 h), and DMI is reported on this basis. Means were statistically analyzed using the same methods as described in Trial 2, except for an animal replication of 10.
RESULTS AND DISCUSSION
Trial 1
The pattern of ruminal in vitro NDF digestion is shown in Figure 1 . Digestion of NDF was significantly greater at all times for shredded than control hay; a similar trend was observed in vivo in Trial 2. The proportions of total NDF digested per unit time (%/h) during sequential incubation intervals are in Figure 2 . The largest proportion of NDF was digested during the first 6 h of incubation for shredded hay. However, the greatest proportion of NDF digestion in control hay occurred between 12 and 18 h with the second greatest proportion during the first 6 h. The peak between 12 and 18 h suggests a second lag phase may exist, possibly because microbes quickly degraded the more easily digested cell wall. More resistant NDF may require a second colonization by cellulolytic bacteria; hence, the additional lag phase. This does not appear to be the case with shredded hay, possibly because some resistant cell wall components were broken down during maceration. Therefor% shredding When incubated in situ in the rumen of a cow fed only alfalfa hay, shredded hay had particle-associated CMCase activity, which was greater than control throughout the incubation period ( Figure 3 ). The treatment effect was significant at all times except 72 h. Activity of CMCase was highest and peaked at 6 h in both treatments and declined gradually thereafter in shredded hay. In contrast to shredded hay, after declining at 12 h, a second peak in CMCase activity was observed at 24 h in control hay. This pattern was similar to that of NDF degradation by interval during in vitro incubation for the control hay (Figure 2 ). This suggests that particle-associated cellulolytic activity determines the rate of NDF digestion. Recently, Silva et al. (28) found that the correlation between extent in situ DM digestion at 48 h and CMCase activity associated with ammoniated straw was significant at all incubation times; CMCase activity at 24 h had the highest correlation.
Trial 2
Shredded hay was somewhat lower in CP and higher in NDF and ADF than control (Table 2) , possibly due to some leaf particle loss during drying, handling, and storage. Lu et al. (19) attributed higher cell wall (NDF) of pressed or cell macerated hay to greater losses of cell solubles during drying and storage.
Although shredded hay contained more NDF, DMI was higher (P<.10) with shredded hay (Table 3 ). In forages, intake has been found to be negatively correlated with cell wall (5, 32) . Increasing dietary fiber depresses digestibility of most dietary components except fiber itself (17, 34) . however, others (16, 24) have not observed this trend. Physical alteration of alfalfa by shredding may account for the enhanced DMI in this trial. The higher weight gain of animals fed shredded hay was not significant due to animal variability. Digestibilities of DM and CP were not influenced by shredding (Table 3) ; however, NDF and ADF digestibility of shredded hay increased significantly.
The improved fiber digestion of shredded hay in this study may relate to the physical effects of shredding. The shredding process disrupted the cellular structure of alfalfa and increased the surface area (26) . The rate of 1.4 1.5 a'bMeans in rows with different superscripts differ (P<.10).
C'dMeans in rows with different superscripts differ (P<.05).
1 Digestibilities were determined by total collection. bacterial attachment to fibrous material is proportional to the surface area exposed to attack (18) . Also, mechanical treatment may decrease the degree of cellulose crystallinity and reduce the rigidity of physical barriers (23) . We observed separation of lignified and unlignified tissues and increased rate and extent of NDF digestion with shredding of alfalfa stems (14) .
Digestibilities of DM and NDF, determined by total collection, external marker (Yb), and internal marker (ADL) ratio techniques, are in Table 4 . All three methods yielded essentially identical results for DM and NDF digestibilities, including the observation of significantly increased NDF digestibility due to shredding. Average marker recovery in the feces were 101% for Yb and 99% for ADL in this study, indicating both were equally and totally recovered in the feces.
Measurements of intake, rate of passage, and digestibility are in Table 5 . Intake of DM and digestibility tended to increase with shredding. Digestion of NDF was significantly higher for shredding alfalfa hay, similar to results observed in the separate sheep digestion study of this trial (Table 3) .
Ruminal turnover rate, kl (12) ,was similar between treatments. The rate constant, k2, has uncertain biological meaning, but is thought to 1 Digestibilities were determined by total collection.
: k t = Ruminal turnover rate; k 2 = hindgut turnover rate; 1/k~ = rumen retetion time; 1/k 2 = hindgut retention time; TT = transit time; and TMRT = total mean retention time.
represent turnover of contents in the cecum and proximal colon; k 2 appeared to decrease with shredded hay. The sum of transit time plus the reciprocals of kl and k2 yields an estimate of total mean retention time (TMRT), which is a useful relative measure of total time required for digesta passage through the gut (25) . In this study, neither kl nor TMRT was affected by shredding.
Digestion in the rumen is a function of both rates of passage and digestion. High feed intake shortens ruminal retention time (2, 7, 29) and depresses digestibility (31). Also, particle size (22) , specific gravity of particles (9), rate of hydration (33) , and rumen motility are closely related to rate of ruminal passage. Particle size was similar in this trial, but shredded hay had increased hydration rate (R. G. Koegel, unpublished data). Both fiber digestibility and intake of shredded hay increased, while ruminal rate of passage was unchanged. Shredding alfalfa stems increased both rate and extent of in vitro NDF digestion (14) . Thus, increased rate of digestion rather than altered rate of passage may explain the enhanced fiber digestibility of shredded hay.
Ruminal pH and molar proportions of VFA were not different between treatments (Table  6) , probably reflecting similar rumination and saliva production. Kawas (17) reported that concentration of rumen total VFA decreased with advanced alfalfa maturity, and VFA concentration was positively correlated with the digestibility of the diet. However, in this trial rumen VFA concentrations were similar despite increased fiber digestibility and DMI with shredded hay, suggesting rumen VFA may not be sensitive to changes in digestibility when animals are fed only hay.
Trial 3
Means for DMI and milk production are in Table 7 . Control or shredded hay was fed as the sole forage. As in Trial 2, the group fed shredded hay consumed more forage, resulting in a higher total DMI. Actual milk production was not different; however, daily production of 4% FCM was significantly increased because milk fat percentage tended to be higher for the shredded hay-fed animals. Also, there was a small but statistically significant increase in milk protein content in animals fed shredded hay. Increased milk protein and 4% FCM may be due in part to higher intake of shredded hay. Increased forage intake would be expected to stimulate rumination and saliva flow and provide a more favorable tureen pH and increased production of the milk fat precursors, acetic and butyric acids (15) . Other studies (17, 34) have noted differences in milk production and increased fat percentage with increased feeding of forages.
Length of experimental'periods of this study was limited by supply of control and treated hay. Periods may have been too short (16 d) to detect greater differences in milk production and composition due to shredding, hence, the results of this study are only preliminary. Further lactation studies with longer periods are necessary to establish the positive effects on lactation of shredding hay.
CONCLUSIONS
Dry matter intake and digestibility of the fibrous components of alfalfa hay were increased by mechanical shredding of the forage. When animals were fed only hay, ADL and Yb were recovered totally in the feces, and both yielded digestibilities that were similar to total collection. Shredding hay increased particleassociated CMCase activity throughout the incubation. Therefore, CMCase may be useful to study the effects of treatments on the digestion of cellulosic materials. Shredding hay did not affect its rate of ruminal passage. Daily production of 4% FCM and milk protein content were increased in goats fed shredded hay. Mechanical shredding appears to be an effective way to improve the feeding value of alfalfa for ruminants.
